Exposure to aflatoxins is strongly associated with hepatocellular carcinoma (HCC). Hepatic progenitor cells have been suggested to participate in the development of HCC. To further explore the molecular basis of aflatoxin-induced carcinogenesis, we utilized transcriptome profiles to examine the global gene expression alterations of malignant transformed rat hepatic stem-like cells. WB-F344 cells were treated with continuous exposure to AFB1 (0.03, 0.1 and 0.2μM), and gained certain characteristics of transformed cells identified by soft agar assay. Microarray analyses of the transformed cells found that 785, 625, and 751 differentially expressed genes were detected in each exposure group, respectively. Hierarchical Clustering revealed that the effect of 0.1 and 0.2μM exposure on the cells was conformable. Importantly, Gene Ontology analysis showed that malignant transformation of the hepatic stem-like cells was closely correlated to biological process, related to cell motion, cell adhesion, immune response and signal transduction. Accordingly, biological pathways was focused mainly on focal adhesion, regulation of actin cytoskeleton, ECM-receptor interaction, MAPK, TGF-β and chemokine signaling pathway. A few genes involved in these pathways exhibited a dose response, including Cav2, Itgb3, Ccl2, Cx3cl1, Pdgfrb and Tmsb4x. These findings would contribute to a growing knowledgebase on the mechanism of aflatoxin-induced hepatocarcinogenesis.
Hepatocellular carcinoma (HCC) is a common malignant tumor worldwide with extremely poor prognosis [1] . Environmental factors, mainly viral infection and dietary exposure to aflatoxins, have a strong association with HCC. Of the new HCC cases worldwide each year, about 4.6-28.2% may be attributable to aflatoxin exposure, and occur mainly in sub-Saharan Africa, Southeast Asia, and China [2] . As one of the most important environmental toxins, aflatoxins are primarily produced by the fungi Aspergillus flavus and Aspergillus parasiticus, which colonize a wide variety of foodstuffs. Aflatoxin B1 (AFB1) is the most abundant and toxic member of the family, and is also considered to be the most potent hepatocarcinogen known. AFB1 has been classified by the International Agency for Research on Cancer as a group І carcinogen, based on sufficient evidence of carcinogenicity in humans and experimental animals [3] . Epidemiological studies showed that aflatoxins could induce a high incidence of hepatocarcinogenesis [4] . Further, high-frequency mutations of tumor suppressor gene p53 occurred in HCC related to aflatoxins [5] . Even so, the molecular mechanisms of aflatoxininduced hepatocarcinogenesis are still not well understood.
The liver is a silent organ in which hepatocytes, cholangioctyes, and progenitor cells all possess longevity. Since it is generally accepted that cell proliferation during carcinogen exposure is pivotal for 'fixation' of genotoxic injury into a heritable form, any proliferative cells in the liver can be susceptible to malignant transformation. However, it was indicated that the progenitor cells were activated when mature hepatocytes were damaged or inhibited in their replication by genotoxic carcinogens [6] . In addition, the hepatocytes became senescent owing to telomere shortening in some chronic liver diseases, in parallel to surveys from rodent models [7] . This makes it even more plausible that hepatic progenitor cells may be potential target cell for carcinogenesis.
Hepatic progenitor cells are immature epithelial cells that reside in the biliary tree of the liver. These cells are capable of differentiating hepatocytes and biliary epithelial cells. The rat hepatic oval cells WB-F344, isolated from the liver of an adult male Fischer 344 rat, is considered to be an in vitro model of presumed hepatic progenitor cells [8] . In the present study, the molecular changes of hepatic oval cells during AFB1-induced malignant transformation were comprehensively investigated. Hepatic oval cells were transformed by continuous AFB1 exposure. Then, the global molecular changes were examined using Phalanx rat whole genome microarrays, which can study thousands of genes simultaneously. Genes with differential expression were then ranked and selected for further investigation using several statistical analyses. Better knowledge about oval cell changes in malignant transformation might provide more clues for further understanding molecular mechanisms of aflatoxin carcinogenesis, as well as seeking potential biomarkers.
Materials and methods
Cell lines and culture. Diploid WB-F344 cells, a rat nontumorigenic epithelial cell line, were kindly provided by Dr. Shen Hong (Central South University, Hunan, China). The cells were cultured in MEM medium (Gibco, Grand Island, NY, USA) supplemented with 10% fetal calf serum (Gibco), 100 U/ml penicillin and 100 mg/ml streptomycin at 37 °C in a humidified atmosphere of 5% CO 2 . Cells were trypsinized with 0.25% trypsin and split twice every week.
Cell transformation by AFB1 exposure. Cells were continuously exposed to vehicle control (0.5% DMSO) or AFB1 (0.03, 0.1 and 0.2μM). In addition, cells were treated with fresh vehicle, AFB1, and medium every three days during this process. The procedures were repeated for 5 weeks. Cell culture-grade DMSO was used to make AFB1 stocks, and also used as vehicle in control cells.
Colony formation in soft agar. Cells exposed to AFB1 were assessed for anchoring-independent growth by colony formation in soft agar according to the method previously described [9] . Cells were suspended in MEM culture supplemented with 0.3% agar, then overlaid onto 0.6% agar medium with a density of 2 ×10 4 /ml. After 14-20 days' incubation, colony formation and enumeration were evaluated under a microscope (Leica, NY, USA).
Microarray analysis. Three arrays were carried out from each group. Total RNA was extracted using the RNeasy Mini Kit (Qiagen, Valencia, CA). The integrity of each RNA sample was determined using Agilent 2100 Bioanalyzer (Agilent, Foster City, CA). Following this, double-stranded cDNA was then prepared from total RNA using Superscript II reverse transcriptase (Invitrogen) and a T7 primer (Promega) for first strand synthesis, and DNA polymerase and ligase (Invitrogen) were used for second strand synthesis. Subsequently, fluorescent aRNA was prepared from cDNA using OneArray® Amino Allyl aRNA Amplification Kit (Phalanx Biotech Group, Taiwan) and Cy5 dyes (Amersham Pharmacia, Piscataway, NJ, USA). Fluorescent targets were suspended in hybridization buffer and hybridized to the Rat Whole Genome OneArray® v1 (Phalanx Biotech Group, Taiwan) using Phalanx Hybridization System. After 16 h hybridization at 50°C, non-specific binding targets were removed via three different washing steps (Wash I: 42 °C for 5 min; Wash II: 42 °C for 5 min, then 25 °C for 5 min; Wash III: rinse 20 times), and the slides were dried by centrifugation and scanned on an Axon 4000B scanner (Molecular Devices, Sunnyvale, CA, USA). The intensities of each probe were obtained by GenePix 4.1 software (Molecular Devices). The raw intensity of each spot was loaded into the Rosetta Resolver System® (Rosetta Biosoftware) for data analysis. The error model of the Rosetta Resolver System® removed both systematic and random errors from the data. Probes with background signals were filtered out and probes that passed the criteria were normalized by 50% median scaling normalization method. The fold changes of genes were calculated by dividing the normalized signal intensities of genes in AFB1-treated cells by those in vehicle control. The differentially expressed genes (DEGs) were identified when fold changes were ≥ 1.5 or ≤ -1.5 with p-value < 0.05.
Analysis of differentially expressed genes. Analysis of these DEGs was carried out by means of hierarchic gene clustering with the use of Cluster 3.0 (open source 2006) and Treeview (Stanford University Labs) software. In order to analyze the mechanism of AFB1-induced carcinogenesis, DEGs were further assigned to an appropriated category according to its main cellular function. The necessary information to categorize DEGs was obtained from several databases, mainly DAVID Bioinformatics Resources 6.7 [10, 11] , Gene Ontology [12] , KEGG pathway [13] .
Quantitative real-time PCR (qRT-PCR). The mRNA expression for the genes of interest was analyzed via qRT-PCR. Total RNA was reverse transcribed into cDNA with the RT reagent kit (Takara, Dalian, China). The samples were prepared using Fast SYBR Green Master Mix (Roche Applied Science, Indianapolis, IN). qRT-PCR analysis was then performed using the ABI 7300 Real-Time PCR instrument (Applied Biosystems, USA) and cycled as follows: 95 °C 1min, then 40 cycles of 95 °C 30 s followed by 60 °C for 1min. Each sample was analyzed in triplicate. GADPH was set as an endogenous control for mRNA, and nonspecific amplification was excluded by performing qRT-PCR in the absence of target cDNA. The specific primer sequences were synthesized by Invitrogen and listed in Table 1 . The relative expression levels of these genes were normalized to that of GADPH using the 2 -ΔΔCT cycle threshold method. Notably, the amplification efficiencies of the targets and references were approximately equal.
Results
Gene expression alteration during AFB1-induced malignant transformation. In the study, WB-F344 cells treated with AFB1 gained certain characteristics of transformed cells. The transformed cells could form colonies in soft agar, and the frequencies of colony formation were 0.8%, 1.3%, and 2% in 0.03, 0.1, and 0.2μM, respectively, but WB-F344 cells could not grow in soft agar. It indicated that the transformed cells had slight ability of anchoring-independent growth. Gene expression alteration during malignant transformation of rat hepatic oval cells was investigated. Hierarchical clustering was used to aid in the visualization and biological interpretation of this extensive data set, and in particular, to identify correlated expression pattern (Fig.1) . Transcriptomic profiling showed different gene expression patterns in each exposure group and it was found that response to AFB1 in 0.1 and 0.2μM had more similarity. Exposure to 0.03μM AFB1 resulted in the greatest number (785) of DEGs compared to the control. Exposure to 0.1, 0.2μM AFB1 resulted in 625 and 751 DEGs, respectively.
KEGG pathway and GO analysis. The biological effects of AFB1 on hepatic progenitor cells are of interest to better understand aflatoxin-induced carcinogenesis. GO and KEGG analysis assisted us in determining these biological effects using genes with significant differential expression. According to their functional categories and relatedness, DEGs were classified (Table 2 ) and mainly involved in vesicle-mediated transport, cell motion, cell adhesion, signal transduction, as well as immune response. Shockingly, only DEGs in the lowest Table 1 . Primer sequences for the quantitative real time RT-PCR used in this study. dose notably attributed to cell death. Further, the biological pathways were functionally categorized and their distribution by AFB1 dose was found in Fig.2 . These biological pathways, including focal adhesion, pathways in cancer, regulation of actin cytoskeleton, TGF-beta signaling pathway, ECM-receptor interaction and chemokine signaling pathway, were all significantly impacted by different doses. Moreover, other biological pathways were only significantly impacted by special dose. It was found that only wnt signaling pathway and adherens junction were significantly impacted in 0.03μM; cytokinecytokine receptor interaction only occurred in 0.1μM; and only hedgehog signaling pathway was deregulated in 0.2μM. A dose-response curve in regard to the number of genes that were differentially expressed was anticipated, although several pathways did not follow the expected pattern. For example, focal adhesion showed 21 (in 0.03μM), 17 (in 0.1μM) and surprising 19 DEGs (in 0.2μM), respectively. A partial list of genes exhibiting differential expression categorized by their KEGG biological pathways is presented in Table 3 . Only a few genes in these pathways exhibiting monotonically decreasing (Cav2, Itgb3, Ccl2 and Cx3cl1) or increasing trends (Pdgfrb and Tmsb4x) were also observed. These KEGG pathways were not independent of one another, and their cross-talk was illustrated in Fig.3 . We found that not all pathways were equally informative. MAPK signaling pathway, regulation of action cytoskeleton and pathways in cancer formed a central node in the exposure group of 0.03μM; focal adhesion and pathways in cancer were dominated in 0.1μM group; focal adhesion, MAPK signaling pathway, and regulation of actin cytoskeleton were indicated to be vital in 0.2μM group.
Validation of DEGs by qRT-PCR. To confirm the mRNA expression of microarray data, 4 commonly expressed genes (Cdx2, Pla1a, Tspan12 and Lpl) were chosen using qRT-PCR. Expression changes of these selected genes were compared through microarray and qRT-PCR, presented in Fig.4 . These selected genes were in good agreement for consistency of response to AFB1, and their expression showed similar patterns DEGs were identified with 1.5-fold change cut-off and p-value < 0.05 in comparison to vehicle control. Shown were GO biological processes that significantly overrepresented (enrichment score ≥ 1.3) in the AFB1-treated groups. Enrichment scores represented the overall importance of biological processes. Enrichment scores of 1.3 was equivalent to non-log scale 0.05. Gene count represented the number of DEGs participated in the biological process. THE TRANSCRIPTOME OF AFB1-TRANSFORMED RAT HEPATIC STEM CELL in the two platforms. In other words, the qRT-PCR data supported the dose response trend depicted by the array data.
Discussion
Hepatic progenitor cells are facultative stem cells in liver, which participate in a range of human liver diseases, including HCC. There is increased evidence to suggest that these cells are the cellular targets for transformation in the development of HCC. Hepatic progenitor cells c-Kit
-were found to exhibit the histologic features of HCC after transduction of Bmil or β-catenin, which further implied that dysregulated self-renewal of hepatic progenitor cells served as an early event in hepatocarcinogensis [14] . Besides, it was found that the deletion of p53 in CD133 + LC-forming cells with stem cell-like capacity also resulted in the formation of tumors with some characteristics of HCC [15] , as well as transformation of p53-null hepatic progenitor cells that gave rise to HCC [16] .
Chronic exposure to aflatoxins is a major risk factor for HCC. To better understand the mechanism of actin in aflatoxin-induced carcinogenesis, hepatic oval cells were transformed by continuous AFB1 exposure. Then, we have identified the gene expression profiles of the transformed cells using whole rat genome microarray. Triplicate assays were performed to avoid the error rates. Microarray study with statistical analysis showed that 785, 625 and 751 genes changed their expression in the exposure dose of 0.03, 0.1 and 0.2μΜ, respectively. We analyzed these genes in KEGG pathways and GO categories. These interesting genes are related to several pathways, such as focal adhesion, pathway in cancer and ECM-receptor interaction, which corresponded well with enriched GO categories. Since KEGG pathways provide more biological information in that they show molecular interactions, further analyses focused on it.
Focal adhesion. Focal adhesion is structural links between the extracellular matrix and actin cytoskeleton, as well as important sites of signal transduction pathways leading to various biological processes. Aberrant expression and altered functions of focal adhesion genes contribute to adverse tumor behavior. Focal adhesion genes have been shown to play critical roles in HCC [17] . In this study, Cav2 and Parvb were down-regulated in all doses (the maximum decline of 7.17 and 1.9-fold, respectively), and the expression of Pxn was decreased in 0.1 DEGs were identified with 1.5-fold change cut-off and p-value < 0.05 in comparison to vehicle control. Shown were expression levels of partial DEGs (|fold change| ≥ 1.7 in any dose) in each pathway. DEGs that participated in multiple pathways might not be represented under all pathways.
and 0.2 μM (-1.65 and -1.81-fold, respectively). Cav1 forms oligomeric complexes with Cav2, which is essential for the coat structure of caveolae. The down-regulation of Cav1 and Cav2 was found in various types of primary tumors and cancer cells [18, 19] . Cav2 tansfection in HepG2 cells caused reduction in cell proliferation and growth, indicating a certain inhibition for tumors. Parvb is an ILK-binding protein that is involved in the regulation of cell anchorage. Its expression level was markedly down-regulated in several advanced breast tumors [20] . Pxn is associated with cell spreading and motility. Absence or low levels of Pxn expression have been demonstrated in certain human lung cancers [21] . Further, the decrease level of Pxn correlated with the grading of tumors [22] . Regulation of actin cytoskeleton. The actin cytoskeleton is the cellular engine that drives cell motility downstream of a complex signal transduction cascade. Deregulation of the actin system is linked to the invasive and metastatic phenotypes of malignant cancers [23] . Gsn is a ubiquitous actin-binding protein and contributes to apoptosis as the downstream common effector. Gsn was down-regulated in many types of human malignancies [24] . In this study, decreases in Gsn expression were observed at the exposure of 0.03 and 0.2μM. High expression of Tmsb4x has been implicated in multiple cancers, including HCC [25] . Tmsb4x overexpression further rendered cancer cells more resistance to apoptosis triggered by FasL [26] . Consistent with this, Tmsb4x expression was more elevated as exposure dose increasing, up to 79-fold in the highest dose.
TGF-β signaling pathway. Alterations in the TGF-β signaling pathway, including mutation or deletion of members of the signaling pathway and resistance of TGF-β-mediated inhibition of proliferation were frequently observed in human cancers [27] . In the study, the expression of Ltbp1 was significantly down-regulated, while Id4 expression was up-regulated in 0.1 and 0.2μM. Ltbp1 is part of the latent TFG-β complex and involved in the cellular assembly, secretion and activation of TFG-β1. It was found that the expression level of Ltbp1 was decreased in HCC [28] . Different expression of Id4 has been shown in several types of human cancers [29, 30] . The role of Thbs1 in tumor progression is complex and controversial. High levels of Thbs1 could inhibit tumor growth, while anti-sense inhibition of Thbs1 in certain tumors also inhibited growth [31] . Bmp family also played a dual role in tumorigenesis [32] . In addition, it has been investigated that Inhba and Inhbe were down-regulated in chemically induced hepatocarcinogenesis [33] . In the study, we observed a dose-dependent decrease in Thbs1, Bmp2 and Bmp6 expression, as well as Inhba, Inhbb and Inhbe.
MAPK signaling pathway. Mitogen-activated protein kinases (MAPK) or the signaling cascades that regulate them play an important role in a variety of cellular responses, including cell proliferation, differentiation, and apoptosis. It is known that deregulation of MAPK signaling is the most common alteration in various types of human cancers, including HCC [34, 35] . The Jun N-terminal kinases (JNK) are a subgroup of MAPKs, and consist of Mapk8 (Jnk1), Mapk9 (Jnk2) and Mapk10 (Jnk3). It was reported that Jnk deficiency in hepatic nonparenchymal cells reduced DENinduced HCC rather than in hepatocytes, which indicated that the protumorigenic function of Jnk might be localized to nonparenchymal cells [36] . In the present study, Mapk8 was down-regulated only at the lowest dose, and Mapk10 was up-regulated only at the highest dose. However, we did not make reasonable explanations for their expression changes. RAS guanyl releasing proteins (Rasgrp) mediates activation of the Ras oncogene through the transfer of guanosine [37] . Increases in Rasgrp2 and Rasgrp3 expression were observed, the former 1.65-fold at 0.2μM and the latter 2-and 2.49-fold at 0.03 and 0.2μM, respectively. Dual-specificity protein phosphatases (Dusp) can dephosphorylate both phosphor-threonine and phosphor-tyrosine residues. Dusp4 was significantly down-regulated in our study, which was consistent with the expression in HepG2 cells [38] . Genetic evidence for the Pla2g2a protecting against tumorigenesis has been demonstrated [39] , and the greatest decreased expression was detected in 0.2 μM (-8-fold).
Other pathways and genes. ECM-receptor interaction leads to a direct or indirect control of cellular activities, such as adhesion, migration, differentiation, proliferation, and apoptosis. Multiple transcripts involved in ECM-receptor interaction were significantly down-regulated, including collagens (Col1a1, Col5a2, Col3a1 and Col6a2), as well as Itgb3. It was found that up-regulation of the expression of collagens was certainly associated with metastasis suppression [40] . Integrins are cell surface receptors mediating cell-matrix and cell-cell adhesion. Itgb3 was significantly down-regulated in HCC, and its overexpression resulted in apoptosis and inhibition of clonogenic survival [41] . Chemokines play a central role in many biological events, including tumors. Cxcl12 was relevant in HCC occurrence and development, and its down-expression was detected in HCC [42] . Cx3cl1 was observed to elicit tumor-specific cytotoxic T cells and an increased production of IL-2 and IFN-γ capable of inhibiting tumor growth [43] . Overexpression of Cxcl10 was attributed to its ability to decrease tumor angiogenesis [44] . In the study, Cx3cl1 and Cxcl10 were found to be significantly down-regulated in all doses. Surprisingly, Cxcl12 was also down-regulated in 0.03 and 0.2μM, with no observable change in 0.1μM.
In addition, differentially expressed genes associated with carcinogenesis included Wnt4, Wnt7a, Tcf7, and Runx1. Up-regulation of Wnt4 and Wnt7a was observed at 0.1 and 0.2μM, respectively. Tcf7 was down-regulated in all treatments, and Runx1 was also down-expressed in 0.1`and 0.2 μM. Over-expression of Wnt4 and Wnt7a, which lead to increased migration and invasion capacity, was demonstrated in many types of cancers, including HCC [45, 46] . Mice missing Tcf7 (Tcf1 protein) developed intestinal and mammary adenomas, which suggested that Tcf7 might cooperate with Apc to suppress malignant transformation of epithelial cells [47] . Deficient function of Runx1 is causally related to development and progression of gastric cancer and hepatocarcinogenesis [48, 49] . Further, transient depletion of Runx1/Runx1t1 by RNA interference delayed tumor formation in vivo [50] .
In summary, the global gene expression changes of malignant transformed rat hepatic stem-like cells by AFB1 significantly occurred. It was found that differently expressed genes altered markedly did not function alone, but rather associated and cooperated. Significant alterations were observed in focal adhesion, regulation of actin cytoskeleton, TGF-beta signaling pathway, MAPK signaling pathway, ECM-receptor interaction and chemokine signaling pathway. A few DEGs involved in these pathways had dose dependence, including Cav2, Itgb3, Ccl2, Cx3cl1, Pdgfrb and Tmsb4x. These results would provide some clues for understanding mechanism associated with aflatoxin-induced carcinogenesis.
